Abstract: Reed beds are the second largest producer of biomass in Olkiluoto Island. Quantitative information on the extent and amount of reed stands is an integral part of the biosphere assessment related to long-term safety analysis of nuclear fuel repository site currently under construction. The major challenge in reed bed mapping is discrimination between reed and other green vegetation. Spectral field measurements were used to study the temporal and spatial variability of spectral characteristics of reed beds. Feasibility of discriminating reed beds from other vegetation based on hyperspectral measurements was studied as well. Results indicate that there is large temporal variation of reed bed spectra and the optimal time for data acquisition differs for old and new reed bed types. Comparing spectral characteristics of the reed bed and meadow classes in a local neighborhood indicated that the classes have high within-class spectral variability and similar mean spectra, however, 10 out of 11 targets had lower angle to the mean spectrum of the corresponding class than that of the other class when Spectral Angle Mapper (SAM) was used. Comparing the spectral characteristics of reed beds at four test sites within the Olkiluoto Island indicated that while some of the sites had similar spectra, the difference between others was remarkable. This is partly explained by different density and height of dead and live reed stems at the four sites.
Introduction
Common reed (Phragmites Australis), a native helophyte in coastal areas of the Baltic Sea, has significantly spread on the Finnish coast during the last decades raising ecological issues and concerns due to the important role it plays in the ecosystem dynamics of shallow coastal areas [1] . In addition to biodiversity there are other ecological and economic issues such as water protection, bioenergy, construction, farming and landscape. Reed beds have proven to be effective in the treatment of waste waters such as domestic sewage and industrial discharge containing heavy metal wastes [2] . Reed biomass can be used as an energy source in three ways, namely by combustion, biogas production and biofuel production [3] . There are currently studies aiming to develop economical and sustainable methods to harvest reed for bioenergy production in Finland. Reed can be used as a soil conditioner in agriculture thus substituting the use of fertilizers [4] .
Recent developments in sensor technology and data processing methods have led to an increase in the use hyperspectral imagery for environmental applications. High spectral and spatial resolution imagery provides researchers the potential to map vegetation at species' level, provided the plant species under study are spectrally distinct [5] . Species discrimination using remote sensing is based on the assumption that each species is characterized by a set of unique biophysical features and biochemical composition that control the variability in its spectral signature [6] .
The fundamental problem in vegetation discrimination using remote sensing is that there is an overall qualitative similarity in the spectral reflectance of green plant species. Furthermore, the assumption that individual plant species have unique spectral signatures may be wrong. Price [7] has argued that several species may actually have quantitatively similar spectra due to the spectral signature variation present within a species.
The capability of discriminating plant species using hyperspectral imagery has been demonstrated in many studies. Clark et al. [8] successfully discriminated tropical rain forest tree species. Schmidt and Skidmore [9] studied the discrimination of vegetation types in coastal wetlands. Thenkabail [10] used hyperspectral data to discriminate agricultural crops. Vahtmäe et al. [11] demonstrated the feasibility of hyperspectral remote sensing for mapping benthic microalgae cover. The remote sensing of wetlands does, to some extent, differ from remote sensing based mapping of other terrestrial features. Differences exist because wetlands occupy a unique interface between aquatic and terrestrial ecosystems [12] . In addition, the reflectance spectra of wetland vegetation canopies are often very similar and are combined with reflectance spectra of underlying soil [13] . The frequent and rapid changes of water depth and salinity add to the complexity of analyzing wetland environment using remote sensing.
The use of remote sensing in reed bed discrimination has been studied in several publications. Pengra et al. [14] evaluated the use of the spaceborne Hyperion sensor. The classification of reed beds showed good overall accuracy of 81.4%. It was found, however, that the small size and spatial arrangement of Phragmites stands was less than optimal considering Hyperion's spatial resolution of 30 m. Lopez et al. [15] studied the discrimination of Phragmites using airborne hyperspectral data collected by the Probe-1 sensor. The study produced Phragmites maps showing an estimated accuracy of 80%. Onojeghuo and Blackburn [16] proposed the use of airborne hyperspectral and LiDAR data in reed bed discrimination. A comprehensive set of methods such as Principal Component Analysis (PCA), Spectrally Segmented PCA (SSPCA) and Minimum Noise Fraction (MNF) were applied to the hyperspectral data and combined with LiDAR derived measures including those based on texture analysis. A significant improvement (+11%) in the accuracy of reed bed delineation was achieved when a LiDAR-derived Canopy Height Map (CHM) was used together with the optimal SSPCA data set. Stratoulias et al. [17] used airborne AISA Eagle data in order to derive narrow band spectral indices used to characterize reed beds' ecological status. Seasonal time-series studies can provide important information on spectral variability. Given the dynamic character of vegetation cover, a snapshot in time is not nearly as revealing as a time sequence [18] . Ouyang et al. [19] studied the spectral characteristics of Phragmites and two other wetland species using time-series analysis. The results showed that differences among saltmarsh communities' spectral characteristics were affected by their phenological stages. Artigas and Yang [20] published a field-collected seasonal time-series of Phragmites spectra. The measured spectra were used to determine the vigor gradient of plants in marshlands.
Several measures have been proposed to quantify spectral similarity or separability of targets [21] , Euclidean Distance (ED) being probably the most well-known measure used. Spectral Angle Mapper (SAM) is another well-established similarity measure in remote sensing applications. SAM is related to Pearson's Correlation Coefficient, sometimes also called Spectral Correlation Mapper (SCM) in remote sensing literature. An advantage of Pearson's Correlation Coefficient over SAM is its ability to distinguish between negative and positive correlation. Spectral Information Divergence (SID) classifier represents an information theoretic approach to hyperspectral classification. SID compares the similarity between two spectra by measuring the probabilistic discrepancy between two corresponding spectral signatures. In principle, the similarity between two spectra has two components: similarity in absolute level of reflectance and similarity in spectral shape. In this study, both of these components of similarity are assessed using the Euclidean Distance and Spectral Angle measures. Jeffries-Matusita distance (JM) was used as a statistical separability measure.
Reed beds cover significant part of the shoreline of the Olkiluoto Island. Reed can be found on gyttja, clay, till or stone bottoms [22] . The extent and vitality of the reed beds varies significantly, depending on the soil type and degree of shelter [22] . A repository site for spent nuclear fuel is currently under construction in Olkiluoto. The disposal is planned to begin in 2022. The results of reed bed studies will be used as input data to the biosphere assessment exercise for the safety analysis of the spent nuclear fuel repository at Olkiluoto [23] . Common reed is a major producer of biomass among wetland species in Olkiluoto and it has significant potential to store and transport radionuclides. Therefore, quantitative information on the extent and biomass of reed stands is an integral part of long-term biosphere assessment. The overall aim of this study is to determine temporal and spatial spectral variability of reed beds in the Olkiluoto Island. More specifically, the objectives of this study are: (1) to characterize the spectral properties of the dominant wetland species Phragmites Australis in different phenological stages and to identify the most suitable time to discriminate it from other green vegetation; (2) to study the spatial variability of reed spectra and evaluate the effects of this variability on reed bed mapping; and (3) to suggest promising methods to be used in reed bed mapping.
Data and Methods

Study Area
The main study area is located at the Olkiluoto Island (61˝14 1 23.126 11 N, 21˝28 1 55.58 11 E) in southwest Finland (Figure 1 ). The surface area of Olkiluoto is 12 square kilometers and it is separated from the continent by a narrow strait [22] . Because of long shoreline, coastal ecosystems form a significant part of its nature [22] . The temporal changes in the environment in the coastal zone are rapid because the surrounding sea areas are shallow. The general eutrophication of the Baltic Sea is contributing to these changes by increasing the amount of organic matter in the shallow bays. Another important factor is the post-glacial land uplift [24] . reed bed studies will be used as input data to the biosphere assessment exercise for the safety analysis of the spent nuclear fuel repository at Olkiluoto [23] . Common reed is a major producer of biomass among wetland species in Olkiluoto and it has significant potential to store and transport radionuclides. Therefore, quantitative information on the extent and biomass of reed stands is an integral part of long-term biosphere assessment. The overall aim of this study is to determine temporal and spatial spectral variability of reed beds in the Olkiluoto Island. More specifically, the objectives of this study are: (1) to characterize the spectral properties of the dominant wetland species Phragmites Australis in different phenological stages and to identify the most suitable time to discriminate it from other green vegetation; (2) to study the spatial variability of reed spectra and evaluate the effects of this variability on reed bed mapping; and (3) to suggest promising methods to be used in reed bed mapping.
Data and Methods
Study Area
The main study area is located at the Olkiluoto Island (61°14′23.126′′N, 21° 28′55.58′′E) in southwest Finland (Figure 1 ). The surface area of Olkiluoto is 12 square kilometers and it is separated from the continent by a narrow strait [22] . Because of long shoreline, coastal ecosystems form a significant part of its nature [22] . The temporal changes in the environment in the coastal zone are rapid because the surrounding sea areas are shallow. The general eutrophication of the Baltic Sea is contributing to these changes by increasing the amount of organic matter in the shallow bays. Another important factor is the post-glacial land uplift [24] . There are currently two operational nuclear reactors on the island, Olkiluoto 1 and Olkiluoto 2, while a third reactor, Olkiluoto 3, is under construction. In addition, a decision has been made on the construction of a spent nuclear fuel repository on the island. Another study site, Hilskansaari Island, is located 40 km north of Olkiluoto (Figure 1 ). The phenological phases of reed beds and the weather conditions at Hilskansaari are similar to those in Olkiluoto. However, due to the effects of the Kokemäenjoki river, the water around Hilskansaari is more turbid and of less salinity. Hilskansaari was chosen as a separate study site in order to broaden the range of underlying environmental There are currently two operational nuclear reactors on the island, Olkiluoto 1 and Olkiluoto 2, while a third reactor, Olkiluoto 3, is under construction. In addition, a decision has been made on the construction of a spent nuclear fuel repository on the island. Another study site, Hilskansaari Island, is located 40 km north of Olkiluoto (Figure 1 ). The phenological phases of reed beds and the weather conditions at Hilskansaari are similar to those in Olkiluoto. However, due to the effects of the Kokemäenjoki river, the water around Hilskansaari is more turbid and of less salinity. Hilskansaari was chosen as a separate study site in order to broaden the range of underlying environmental conditions and because it was more convenient for multi-temporal measurements as access to Olkiluoto is limited.
Spectral Field Measurements
All spectral field measurements of reed beds and other vegetation were carried out in the same manner. Reflectance spectra of reed beds were measured using a portable GER 1500 spectroradiometer (Spectra Vista Corporation, Poughkeepsie, NY, USA). The spectral range of the instrument is 300-1100 nm. Spectra were sampled at 1.5 nm intervals, and spectral resolution of the GER 1500 instrument is 3 nm. Reflectance was calculated as the ratio of radiance from the measured object to the radiance from the reflectance standard, i.e., a 99% Spectralon panel. The fiber optic light guide connected to the instrument was raised above the reed bed using a six-meter long fiberglass pole. The end of the optical fiber was placed above plant canopies at a distance of approximately four meters from the canopy. This arrangement provided a nadir view of the reed bed. The field-of-view of the optical fiber is 25 degrees, resulting in circular measurement area of 1.7 meters in diameter. Three repeated measurements at each measurement point were taken and the results were averaged. Each individual measurement was calibrated using a reflectance standard.
The partial spectra of reed beds, described in Section 3.5, were measured using a GER1500 instrument equipped with 2.4-meter-long optical fiber. The material under study was spread on a dark plate on the ground. The end of the fiber was approximately 15 centimeters above the sample. The samples of dead stems, dead inflorescence and live leafs were measured at site Pier, Olkiluoto, on 27 July 2012. The sample of live inflorescence was measured at site Kornamaa, Olkiluoto, on 14 August 2012.
In order to provide reference for the within-class variability studies, spectral field measurements made on 17 August 2010 near Olkiluoto were used. The target was a well-kept grass field in Otanlahti, Rauma. The reflected light from grass canopy at the wavelength range of 350-2500 was measured using a portable field spectroradiometer FieldSpec Pro from Analytical Spectral Devices Inc. ASD (Boulder, CO, USA). The spectral resolution of the device is 3 nm between 350-1000 nm and 10 nm between 1000 and 2500 nm. A total of 7 measurements were made along a straight line using three-meter intervals. The instrument was equipped with a 1.4-meter-long fiber optic light guide. The end of the optical fiber was placed above grass canopy at a distance of approximately 1.2 meters. This arrangement provided a nadir view of the grass field. The field-of-view of the optical fiber is 25 degrees resulting in circular measurement area of 0.5 meters in diameter.
The information related to spectral field measurements used in this study, including date of acquisition, air temperature, relative humidity and water height, is presented in Table 1 . The section of the paper describing the respective spectra is also indicated in the table. 
Description of Study Sites
Common reed begins to grow once the greatest threat of frost has passed in the spring. This happens typically at the beginning of May in southwest Finland. Stems can grow up to 5 centimeters a day if the growing conditions are optimal and the plant will reach its maximum height and density by the end of July. Flowering takes place typically in August. The leaves and stems die along with first frosts in autumn. Although dead, the strong stems will remain erect throughout the winter. In Finland, moving ice often cuts some of the stems. While common reed produces seeds, its primary method of reproduction is vegetative via a vast underground rhizome network [25] . The spectral characteristics of the reed bed are largely influenced by the phenological stage of reeds [26] . Time-series field measurements provided the means to study these changes.
The water at both study sites, Olkiluoto and Hilskansaari, is brackish meaning that it is a mixture of seawater and freshwater from a river. Field survey showed that there are two basic types of reed beds in Olkiluoto and Hilskansaari. In this paper, they are called "old reed bed" and "new reed bed". By new reed bed we mean stands where there are no dead stems erect and new live stems are reproduced ( Figure 2 ). By old reed bed we mean stands where dead stems are erect and new live stems are emerging amongst the dead stems. Three targets were chosen for time series measurements. Targets 1 and 2 represent old reed bed and target 3 represents new reed bed. In order to study the temporal variability of reed beds during the growth period, a field campaign was carried out where the spectra of the three targets were measured at nine time instances throughout the phenological cycle (see the measurement dates indicated in Figure 3 ). The measurement intervals were not exactly even due to adverse weather conditions. stems are emerging amongst the dead stems. Three targets were chosen for time series measurements. Targets 1 and 2 represent old reed bed and target 3 represents new reed bed. In order to study the temporal variability of reed beds during the growth period, a field campaign was carried out where the spectra of the three targets were measured at nine time instances throughout the phenological cycle (see the measurement dates indicated in Figure 3 ). The measurement intervals were not exactly even due to adverse weather conditions. Several factors such as height, density, soil type, nutrition and wetness may contribute to the spectral variability of reed beds [26] . Spatial variability was studied at two scales: within a small local neighborhood as well as all over the Olkiluoto Island. The measurements used to evaluate local variability were made at site Pier located at the south coast of Olkiluoto ( Figure 1 ). The site was chosen because visually homogenous reed bed was found there and the pier provided a good platform for measurement setup. Measurements were taken along 40 meters long line parallel to the pier. The distance between the targets was 5 meters, roughly corresponding to the spatial resolution commonly used in airborne hyperspectral data acquisition. Out of the 8 targets, one target was discarded due to excessive interference in measured spectra. The measured reed bed was visually homogenous and the characteristics of targets such as height, water depth and density were similar. The spectral field measurements were performed on 27 July 2012. In addition, 4 randomly selected meadow targets representing green vegetation in the neighborhood of the Pier site were measured in the immediate vicinity of the reed beds. In summer 2012, an extensive field survey of wetland vegetation was carried out in Olkiluoto. As a part of that field campaign, reed bed spectra were measured at four different sites: Flutanperä, Munakari, Kornamaa and Satama (see Figure 1 ). Three targets were measured at each site. The distance between the targets within a site ranges from 20 to 30 meters. These measurements provided information on the spatial variability of reed beds at different locations of the Olkiluoto Island. The spectral field measurements were performed on 14 and 15 August 2012. The height and density of reed beds at each target were measured as well ( Table 2 ). The measurements were done using a halfmeter frame. Reed stems are enclosed inside the square frame and all stems inside are cut near the base. Live and dead stems are then counted and measured separately. Several factors such as height, density, soil type, nutrition and wetness may contribute to the spectral variability of reed beds [26] . Spatial variability was studied at two scales: within a small local neighborhood as well as all over the Olkiluoto Island. The measurements used to evaluate local variability were made at site Pier located at the south coast of Olkiluoto (Figure 1 ). The site was chosen because visually homogenous reed bed was found there and the pier provided a good platform for measurement setup. Measurements were taken along 40 meters long line parallel to the pier. The distance between the targets was 5 meters, roughly corresponding to the spatial resolution commonly used in airborne hyperspectral data acquisition. Out of the 8 targets, one target was discarded due to excessive interference in measured spectra. The measured reed bed was visually homogenous and the characteristics of targets such as height, water depth and density were similar. The spectral field measurements were performed on 27 July 2012. In addition, 4 randomly selected meadow targets representing green vegetation in the neighborhood of the Pier site were measured in the immediate vicinity of the reed beds.
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In summer 2012, an extensive field survey of wetland vegetation was carried out in Olkiluoto. As a part of that field campaign, reed bed spectra were measured at four different sites: Flutanperä, Munakari, Kornamaa and Satama (see Figure 1) . Three targets were measured at each site. The distance between the targets within a site ranges from 20 to 30 meters. These measurements provided information on the spatial variability of reed beds at different locations of the Olkiluoto Island. The spectral field measurements were performed on 14 and 15 August 2012. The height and density of reed beds at each target were measured as well ( Table 2 ). The measurements were done using a half-meter frame. Reed stems are enclosed inside the square frame and all stems inside are cut near the base. Live and dead stems are then counted and measured separately. 
Airborne Hyperspectral Data
The HYPE08 flight campaign was carried out in July 2008. The total number of recorded flight lines was 27, of which 23 flight lines were recorded on 4 July 2008 and 4 flight lines 13 July 2008. The acquisition of Olkiluoto Island took place on 4 July 2008. The cloud cover on both days was absent providing homogenous solar irradiation from ground surface. The flight altitude during the acquisition was 1.9 km leading to ground resolution of 2.5 mˆ2.5 m per pixel. The acquisition was done using Piper Pa23-250 aircraft carrying an AISA dual imaging spectrometer. The AISA dual spectrometer collects reflected solar radiation in 481 bands from 399 to 2452 nm wavelength. This includes the visible, near infrared and shortwave infrared regions of the electromagnetic spectrum. The spectral resolution is 3.3 nm at VNIR range and 12 nm at SWIR range.
Methods
The Euclidean distance between two vectors X and Y with N b bands and is defined as:
and the SAM measure is defined in [27] as:
where α is the angle formed between reference spectrum, X is the image spectrum and Y is the reference spectrum.
Calculation of between and within-class variability for classes tX k u, k " 1 . . . n x and tY k u, k " 1 . . . n y , where n x and n y denote the number of spectra in the respective classes, is performed as follows. Let µ x and µ y denote the mean spectra of classes tX k u and tY k u, respectively, and let µ denote the mean over all spectra. The between-class variability S b can then be expressed as
and the within-class variability S w x for class tX k u can be expressed as:
The Jeffries-Matusita distance (JM) is defined in [28] as:
where i and j = the two classes being compared. c i = the covariance matrix of signature i. µ i = the mean vector of signature i. ln = the natural logarithmic function. |c i | = the determinant of c i .
Continuum removal is sometimes used to isolate and analyze features in reflectance spectra. Continuum removal is a normalization technique that allows comparison of individual absorption features from a common baseline. Continuum is a convex hull over the top of the spectrum, using straight-line segments that connect local spectral maxima [29] . Continuum is removed by dividing the reflectance value R at each wavelength by the reflectance level of the continuum R c . The first and last spectral data values are on the hull and therefore the values of the first and last bands in the continuum removed spectra are equal to 1 while all the other values remain between 0 and 1. Continuum removed spectra were calculated using the ENVI software package [30] .
Results
Temporal Variability of Reed Bed Spectrum
Temporal variability of reed bed reflectance spectrum is illustrated in Figure 3 . Seasonal variability of the reflectance spectrum of target 1 is remarkable (Figure 3) . At the beginning of the growth period the spectrum is smooth although there is a gentle slope at the red edge region. Reflectance increases steadily as the wavelength increases. At the end of June the characteristic features of green vegetation, i.e., the gentle local maximum near 560 nm and the slope at the red edge region, become visible in the spectrum. In July these features become more distinct; the slope at the red edge becomes steeper and the maximum near 560 nm becomes stronger. In August the shape of the spectrum shows the form commonly associated with healthy and vigorous vegetation. The red edge is steeper and the reflectance is generally higher than earlier in the season. In addition, there is a weak local maximum near 640 nm. In late September, signs of senescence are visible in the spectrum; the red edge becomes gentler and the local maximum near 560 nm has disappeared. At the beginning of October, the spectrum is smooth without distinctive features. The seasonal spectra of target 2 show similar trends as those of target 1.
The seasonal spectral variability is significantly smaller in target 3 compared to targets 1 and 2 ( Figure 3) . The red edge is clearly visible in all measured spectra. The local maximum near 560 nm can be seen except in those measurements made in the autumn season. The spectral features of healthy vegetation are most distinctive in the spectrum measured on 5 September 2012, although the spectrum measured on 10 August 2012 is quite similar. The symptoms of senescence in late season are not as clear as in the spectra of targets 2 and 3; the red edge is still clearly visible.
Discrimination of Reed Beds from Reference Spectrum at Different Phases of the Phenological Cycle
In order to evaluate the feasibility of discriminating reed beds from other vegetation, field studies were performed and remote sensing data were analyzed in the neighborhoods of the reed beds in Olkiluoto Island. The datasets were analyzed by layering them using the ArcMap software. Datasets included very high resolution true and false color aerial photographs (2007 and 2009), hyperspectral data (2008) and reed bed maps (2007). Reed bed maps were produced by following the reed bed border on foot or by boat and tracking the route using a portable DGPS device. The reed bed borders were studied by switching the layers while following the reed bed map in ArcMap. The studies indicated that even though it is fairly easy to separate reed beds from other surfaces in the neighborhood such as water and rocks, the real difficulty lies in the discrimination between reed and other green vegetation. In order to determine the optimal time window for discriminating reed beds from surrounding vegetation, the reflectance spectrum of haircap moss (Polytrichum juniperinum) was selected from the spectral library as a reference. Haircap moss is commonly found near reed beds in Olkiluoto and its color is almost consistent during the observation period (Figure 4 ). The spectral library was collected in Olkiluoto on 20 and 26 July 2012.
The
In order to evaluate the feasibility of discriminating reed beds from other vegetation, field studies were performed and remote sensing data were analyzed in the neighborhoods of the reed beds in Olkiluoto Island. The datasets were analyzed by layering them using the ArcMap software. Datasets included very high resolution true and false color aerial photographs (2007 and 2009), hyperspectral data (2008) and reed bed maps (2007). Reed bed maps were produced by following the reed bed border on foot or by boat and tracking the route using a portable DGPS device. The reed bed borders were studied by switching the layers while following the reed bed map in ArcMap. The studies indicated that even though it is fairly easy to separate reed beds from other surfaces in the neighborhood such as water and rocks, the real difficulty lies in the discrimination between reed and other green vegetation. In order to determine the optimal time window for discriminating reed beds from surrounding vegetation, the reflectance spectrum of haircap moss (Polytrichum juniperinum) was selected from the spectral library as a reference. Haircap moss is commonly found near reed beds in Olkiluoto and its color is almost consistent during the observation period (Figure 4 ). The spectral library was collected in Olkiluoto on 20 and 26 July 2012. In order to measure the separability of target and reference spectra, Euclidean Distance (ED), Jeffries-Matusita distance (JM) and Spectral Angle Mapper (SAM) value were calculated between all targets and the moss spectra (Tables 3-5 respectively) As can be expected on the basis of the spectra shown in Figure 3 , the seasonal variability of the ED values is remarkable. The overall trend of the ED values is quite similar for targets 1 and 2, except on 3 October 2012 when there is a significant difference. The best separability of old reed bed from moss is obtained on 12 June 2012. The best separability of new reed bed is obtained on 5 September 2012. As in the case of ED values, the seasonal variability of the SAM values is remarkable. The overall trend of the SAM values is quite similar for targets 1 and 2. The best separability of old reed bed is obtained on 3 October 2012 while the best separability of new reed bed is obtained on 12 June 2012. The seasonal trends were quite similar when Jeffries-Matusita distance (JM) were used compared to those given by ED measure. The results show that optimal date for best separability is largely dependent on the used separability measure and the phase of phenological cycle ( Table 6 ). The optimal dates were the same when ED or JM-distance was used as separability measure. 
Local Spatial Variability of Reed Bed Spectra and Separation from Meadow
The mean and standard deviation of the reed bed and meadow class reflectance spectra are shown in Figure 5 . The mean reed bed and meadow spectra are rather similar both in shape and reflectance level. The most noticeable common features are the slope at the red edge and local reflectance maximum near 560 nm. The most remarkable difference in reflectance level occurs in the blue region of visible light. The standard deviation of meadow class is higher than that of the reed bed above wavelengths of 500 nm. blue region of visible light. The standard deviation of meadow class is higher than that of the reed bed above wavelengths of 500 nm. In order to study the feasibility of discriminating between the reed bed and the meadow class, ED, SAM and JM-distance values were calculated between the mean spectra of the classes and the spectra of each target (both reed bed and meadow) separately (Tables 7-9, respectively). When ED measure was used, four reed spectra and one meadow spectrum were closer to the spectra of other class than its own. The use of JM-distance showed slightly poorer results, five reed spectra and one meadow spectrum were closer to the spectra of the other class. The use of SAM measure produced In order to study the feasibility of discriminating between the reed bed and the meadow class, ED, SAM and JM-distance values were calculated between the mean spectra of the classes and the spectra of each target (both reed bed and meadow) separately (Tables 7-9 respectively). When ED measure was used, four reed spectra and one meadow spectrum were closer to the spectra of other class than its own. The use of JM-distance showed slightly poorer results, five reed spectra and one meadow spectrum were closer to the spectra of the other class. The use of SAM measure produced different results, only one of the meadow targets (M4) was closer to the reed class to the meadow class. Table 9 . The JM-distance values between the individual targets and the mean spectra of the two classes. R1-R2 and R4-R8 represent reed bed targets and M1-M4 represents meadow targets. The spectral features of the reed bed and meadow targets were also studied using the continuum removal (CR) method ( Figure 6 ). The method allows comparison of individual absorption features from a common baseline. The main features of the continuum removed reed bed class spectra are located in the red edge region (680 to 750 nm) and near 560 nm. The steepness and position of the red edge are quite similar for all the reed targets. The depth of the feature near 560 nm is similar for all targets except R1, where it is deeper. It can be seen that high within-class variability is largely due to target R1. The feature at 760 nm is related to oxygen in the atmosphere. The origin of the feature near 840 nm is unknown, it cannot be found from other spectra measured at other reed bed sites in Olkiluoto. A small common feature is found near 950 nm. The main features of meadow class CR spectra are the same as for the reed bed class. Higher within-class variability of the meadow class is distinct and the variability is clearly higher in the visible region below red-edge. Two CR spectra, those of targets 1 and 4 clearly differ from typical CR spectra of green vegetation. Target 1 has a strong feature near 440 nm, whereas target 4 has a gentle local maximum near 640 nm. These are most likely due to changes in floral cover of the target.
Olkiluoto. A small common feature is found near 950 nm. The main features of meadow class CR spectra are the same as for the reed bed class. Higher within-class variability of the meadow class is distinct and the variability is clearly higher in the visible region below red-edge. Two CR spectra, those of targets 1 and 4 clearly differ from typical CR spectra of green vegetation. Target 1 has a strong feature near 440 nm, whereas target 4 has a gentle local maximum near 640 nm. These are most likely due to changes in floral cover of the target. Within-class variability calculated for the reed and meadow classes are shown in Table 10 . The within-class variability of the reed class was somewhat lower (15.95) compared to that of the meadow class (24.62). 
Spatial Variability of Reed Bed Spectra in Olkiluoto Island
In Figure 7 , reed bed reflectance spectra at the four test sites at the Olkiluoto Island are shown. The shape of the measured reed spectra is quite similar in the visible region of the spectrum; however, differences in the near infrared region were remarkable. The measured spectra were quite convergent at sites Munakari and Kornamaa, while the spectra at Flutanpera and Satama differed from those. Within-class variability calculated for the reed and meadow classes are shown in Table 10 . The within-class variability of the reed class was somewhat lower (15.95) compared to that of the meadow class (24.62). * Published figure in reference [31] . ** Calculated using field measurements made in summer 2010 near Olkiluoto.
In Figure 7 , reed bed reflectance spectra at the four test sites at the Olkiluoto Island are shown. The shape of the measured reed spectra is quite similar in the visible region of the spectrum; however, differences in the near infrared region were remarkable. The measured spectra were quite convergent at sites Munakari and Kornamaa, while the spectra at Flutanpera and Satama differed from those.
Between-class variability was calculated between each pair of the reed bed sites (Table 11) . Each site was considered to form a separate class. The results show that between-class variability ranges from 3.85 to 114.02 the variability between Munakari and Kornamaa being the lowest. The variability between Flutanpera and those two sites is significantly higher and especially high with respect to Satama. When the JM-distance was used the results were highly consistent with those calculated using ED measure (Table 12. ). Between-class variability was calculated between each pair of the reed bed sites (Table 11) . Each site was considered to form a separate class. The results show that between-class variability ranges from 3.85 to 114.02 the variability between Munakari and Kornamaa being the lowest. The variability between Flutanpera and those two sites is significantly higher and especially high with respect to Satama. When the JM-distance was used the results were highly consistent with those calculated using ED measure (Table 12. ). In order to study the spectral variability of reed beds at Olkiluoto and Hilskansaari, the withinclass variability for both locations was calculated. Since all measurements in Olkiluoto were made in July and August, measurements at other times were excluded from the Hilskansaari data. Variability in Hilskansaari was calculated using nine samples, while 19 samples were used in the case of Olkiluoto. The within-class variability of the reed bed spectra at the two sites was similar: 69.81 for Hilskansaari and 64.40 for Olkiluoto. The between-class variability of these two sites was 33.20, meaning that within-class variability is more significant. In order to study the spectral variability of reed beds at Olkiluoto and Hilskansaari, the within-class variability for both locations was calculated. Since all measurements in Olkiluoto were made in July and August, measurements at other times were excluded from the Hilskansaari data. Variability in Hilskansaari was calculated using nine samples, while 19 samples were used in the case of Olkiluoto. The within-class variability of the reed bed spectra at the two sites was similar: 69.81 for Hilskansaari and 64.40 for Olkiluoto. The between-class variability of these two sites was 33.20, meaning that within-class variability is more significant.
Partial Spectra of Reed Beds
In dense reed bed the spectrum is a mixture of several partial spectra such as live leafs, live inflorescence, dead stems and dead inflorescence (Figure 8 ). Each component of reed has specific spectral features while the dead components are featureless (Figure 9 ). The spectrum of live leafs has typical features of healthy and vigorous green vegetation. Live inflorescence has gentle local maximum near 650 nm and the slope is less steep compared to live leaf.
In dense reed bed the spectrum is a mixture of several partial spectra such as live leafs, live inflorescence, dead stems and dead inflorescence (Figure 8 ). Each component of reed has specific spectral features while the dead components are featureless (Figure 9 ). The spectrum of live leafs has typical features of healthy and vigorous green vegetation. Live inflorescence has gentle local maximum near 650 nm and the slope is less steep compared to live leaf. 
Reed Bed Discrimination Using Airborne Hyperspectral Data
In order to study the effects of within-class variability in Olkiluoto on actual mapping results of reed beds, mapping of site Kornamaa was tested using an airborne hyperspectral data collected in summer 2008 and using SAM classification method. The classification results using the mean spectrum of Kornamaa are shown in Figure 10 . The reed map produced in 2007 was used as ground truth (described in Section 3.2). The test area was classified into two classes; reed bed and other. Five different target spectra were used in SAM-classification: the mean spectra of sites Kornamaa, Munakari, Flutanperä and Satama as well as the mean reed bed spectrum of Olkiluoto. The results of agreement accuracy were modest albeit the overall accuracy values were good (Table 13. ). The best accuracy was obtained when the mean spectrum of Kornamaa was used followed by the mean spectrum of Olkiluoto. 
Partial Spectra of Reed Beds
In dense reed bed the spectrum is a mixture of several partial spectra such as live leafs, live inflorescence, dead stems and dead inflorescence (Figure 8 ). Each component of reed has specific spectral features while the dead components are featureless ( Figure 9 ). The spectrum of live leafs has typical features of healthy and vigorous green vegetation. Live inflorescence has gentle local maximum near 650 nm and the slope is less steep compared to live leaf. 
Reed Bed Discrimination Using Airborne Hyperspectral Data
Discussion
Several seasonal time-series spectra of Phragmites have been published in the literature. Seasonal spectra are dependent on local conditions, but spectral features reflecting phenological stages should be found in time-series spectra anywhere. The seasonal spectra of targets 1 and 2 are quite consistent with those published by Ouyang et al. [19] . The shape of the spectra is quite similar at the beginning and the end of the season as well as in the "full vigor" state. The growth period is naturally somewhat shorter in Finland than in Dongtan, China. The seasonal spectra of target 3 differ from those in [19] at the beginning and end of the season. The seasonal spectra of targets 1 and 2 show similar trends as those found in time-series spectra of Phragmites measured in New Jersey Meadowlands [20] . When seasonal spectra were compared to those published by Gilmore et al. [26] , the situation was quite the opposite: the published spectra were very similar to those of target 3 in our study. The results show that the optimal time for data acquisition is dependent on classification method to be used. For distance based classifier optimal time for old reed bed is in the middle of June when it is the beginning of September for new reed bed. Optimal times are different when shape based classifier is used; beginning of October for old reed bed and the middle of June for new reed bed. The separability of old reed bed is almost as high in the middle of June as in October. Acquisition in the middle of June could give good results for both reed bed types.
The seasonal spectral changes of targets 1, 2 and 3 are largely determined by two variables: density of the reed bed and the ratio of dead and live biomass. Density defines if the soil or water is visible. Dark soil and water have low reflectance, which lowers the mixed spectra. Dead biomass has low and flat spectrum, whereas live biomass has distinct features of green vegetation. In the beginning of season old reed beds have only a small fraction on live biomass and the soil is partly visible because of low density. The spectrum is low and flat and therefore separable from moss. In the beginning of October old reed beds are full of dead biomass, resulting similar flat spectrum and 
The seasonal spectral changes of targets 1, 2 and 3 are largely determined by two variables: density of the reed bed and the ratio of dead and live biomass. Density defines if the soil or water is visible. Dark soil and water have low reflectance, which lowers the mixed spectra. Dead biomass has low and flat spectrum, whereas live biomass has distinct features of green vegetation. In the beginning of season old reed beds have only a small fraction on live biomass and the soil is partly visible because of low density. The spectrum is low and flat and therefore separable from moss. In the beginning of October old reed beds are full of dead biomass, resulting similar flat spectrum and high separability from green vegetation. The spectra of moss show signs of moderate chlorophyll content, modest local maximum near 560 nm and gentle red-edge. Target 3 is in "full vigor" state on 5 September 2012, the reflectance in green and NIR region is at the season's highest level and therefore the separability from moss is optimal.
The within-class variability of reed is somewhat lower than that of the meadow class (see Table 8 ). This can be expected as the meadow class contains several species, i.e., grasses, weeds and flowers. The well-kept grass field was visually very homogenous; however, the spectral variability obtained for this class is higher than could be expected. This is most likely due the structural changes in grass. Results indicate that a single target (R1) significantly contributes to the within-class variability of the reed class. Debba et al. [31] studied the spectral within-class variability of different savannah trees. The average variability of seven tree species was lower than that of reed in this study. The published reflectance spectra of tree species showed that the within-class variability of some species (Combretum apiculatum, Terminalia sericia) was at the same level as obtained here for reed, although the average variability over all species was lower. Based on the analysis of the mean and standard deviation of the spectra obtained for the reed and meadow classes (see Figure 5 ) it is fair to argue that the two classes are extremely difficult to discriminate due to high within-class variability of both classes as well as spectral similarity of the classes. Several published studies have proposed fusion of hyperspectral and LiDAR data in wetlands mapping applications [16] . LiDAR can complement the spectral information of optical imagery and thus improve classification results. As the height of reed beds clearly differs from that of meadows, such approach could be highly beneficial. In addition, using textural features together with spectral information has been shown to enhance the classification accuracy of remotely sensed data [32] .
Spectral variability of reed beds within the Olkiluoto Island is significant (see Figure 7) . Zomer et al. [33] studied the reflectance spectra of dominant wetland species. The measured results of common reed (Phragmites Australis) showed similar shape and high variability as in Figure 7 . This suggests that high spectral variability could be common characteristics for reed beds. In order to study spectral variability between reed sites, each site was assigned to a separate class and between-class variability was calculated for each pair of sites. Surprisingly the between-class variability of sites Munakari and Kornamaa (3.85) was lower than local spatial inter-class variability of reed bed at site Pier (15.95) . The between-class variability of these two sites was also lower than the variability between spectrally similar Savannah trees [31] . The highest variability was measured between sites Flutanperä and Satama. This is likely due to remarkable reflectance differences in the NIR region shown in Figure 7 . This can be explained by the characteristics of reed beds presented in Table 2 . The density and height of dead reed stems is clearly higher at Satama than at Flutanperä. The effects of spectral variability to reed bed discrimination within Olkiluoto Island were studied using airborne hyperspectral data. The accuracy of classification was measured using mean spectra of reed bed sites as a target spectra. Overall accuracy was good, mainly because the other class was much larger than reed bed class, i.e., the relative amount of commission errors stays low. The results of agreement accuracy were modest. This is most likely due to two factors: unfavorable time to separate reed beds from other vegetation and variety of reed bed types present, i.e., old, new and dry reed beds. Conventional remote sensing schemes use one reference spectrum for each species. The results suggest that the use of multiple-endmember approach might be beneficial, agreement accuracy increases when dedicated spectrum is used for reed bed site instead of using one spectrum for the whole island.
The spectrum of reed bed is largely determined by the density of reed stems and the ratio of live and dead biomass. The reed bed spectra may also include background contributions from water, soil, understory vegetation and shade depending on the density and structure of reed stems. Live leafs have typical spectrum of healthy green vegetation, i.e., steep red edge and reflectance peak near 560 nm while the spectrum of dead stems is flat and the reflectance level is low (Figure 9 ). The reflectance of a dead stem is higher in the NIR region when compared to autumn spectra of targets 1 and 2. This is most likely due to shadows between stems or visible soil/water or both. The spectrum of type "old reed bed" varies depending on the ratio of live and dead stems. Field studies made in August 2012 showed that there is considerable variability in the ratio of live and dead stems. The fraction of dead stems varied from 0 to 83%. The most obvious reason for high spectral variability within Olkiluoto Island is the changes in the ratio of live and dead stems.
Conclusions
The temporal and spatial variability of reed bed spectra was evaluated in this study. The temporal variability of reed bed spectra was found to be significant. The main challenge related to temporal variability is that there are two different types of reed beds having different seasonal spectra. The optimal time of data acquisition depends on the reed bed type. When this is combined with the fact that usually the phenological state of the other vegetation has to be considered as well, careful timing of the data acquisition is needed. The spectral within-class variability of both reed bed and meadow in local neighborhood was found to be large when compared to references. Both classes have similar mean spectra, however, all the targets except R1 had lower spectral angle to the mean spectrum of the corresponding class than that of the other class. This gives a positive indication for successful reed bed mapping. The results on within-class spectral variability of reed bed at four test sites within the Olkiluoto Island showed that while the reed spectra from the sites of Kornamaa and Munakari were close to each other, the spectra measured at Satama and Flutanperä differed significantly. This is at least partly due to the variation in the density and height of live and dead reed stems among the four sites. It can be concluded that if features such as reed characteristics, temporal variation and surrounding habitats are known and can be controlled, mapping of reed beds is feasible based on their spectral properties; otherwise LiDAR data or textural features would be needed.
In this study, the optimal times to separate reed beds from other vegetation was determined. Depending on the reed bed types present and classification method to be used, it might be beneficial to use multi-temporal classification, i.e., use several dataset collected at different times. High spectral within-species variability measured advocates the use of multiple-endmember methods. The test using airborne hyperspectral data further supports this conclusion. Scaling from spectral field measurements to airborne/satellite data brings with it new challenges. Poor spatial resolution can lead to significant amount of mixed pixels confusing the classification process. Modest signal-to-noise ratio of satellite sensors can further increase this confusion. The spectral resolution of spaceborne multispectral sensors might be too low to differentiate to subtle differences between reed beds and other wetland vegetation. The study using spectral field measurements showed poor separability between reed beds and meadows when distance and statistical measures where used although better results were obtained using a SAM-measure. The errors in geometric, radiometric and atmospheric correction related to air-and spaceborne sensors can deteriorate this subtle separability. This study provides a sound basis for future research of reed bed discrimination using air-and spaceborne data.
